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Abstract

The electrochemical deposition of copper onto Au(100) has been investigated using in situ scanning tunneling
microscopy (STM) and in situ surface X-ray scattering (SXS). Copper deposition from sulfuric acid solutions starts
at potentials positive of the reversible Nernst potential, where a pseudomorphic (1 x 1) copper monolayer forms.
Negative of the Nernst potential, STM measurements have revealed that bulk copper nucleates at the surface defects,
step edges or island rims of the gold substrate. A bilayer of copper is formed on top of the underlying copper
monolayer and further growth proceeds in a layer-by-layer fashion. Atomic resolution STM images have shown that
the copper film has a pseudomorphic structure for films less than or equal to 10 layers. Surface X-ray scattering
measurements have confirmed the pseudomorphic arrangement and have provided a precise measure of the copper
layer spacing (1.45+0.02 A), in good agreement with the value obtained from the copper—copper step height in the
STM measurements. This layer spacing is much smaller than the value expected for fcc copper. The combined
structural analysis leads to the conclusion of a thermodynamically stable bee-like structure. Both the X-ray and STM
results suggest alloying at the copper—gold interface. © 2000 Published by Elsevier Science B.V. All rights reserved.

Keywords.: Alloys; Copper; Electrochemical methods; Epitaxy; Gold; Metal-metal interfaces; Scanning tunneling microscopy; Single
crystal surfaces; X-ray scattering, diffraction, and reflection

1. Introduction According to the classical van der Merwe model
of metal-on-metal epitaxy [5], the elastic strain
energy of the film increases with film thickness. At

a critical thickness the pseudomorphic growth

Experimentally, for a wide variety of heteroepi-
taxial systems, the first layer (in rare cases the first

few layers) grows pseudomorphically onto the
substrate, despite the adverse effects of strain [1-
4]. The stress due to the crystallographic misfit
limits the thickness of such a pseudomorphic film
usually to 1 monolayer (ML), or to a few mono-
layers if the lattice constants are sufficiently similar.

* Corresponding author. Fax: +49-731-502-5409.
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stops, and the layer usually continues to grow with
its own preferred structure with misfit dislocations
at the interface to relieve the strain. Such disloca-
tions can act as nucleation sites for the bulk metal,
which will grow as three-dimensional clusters
(Stranski—Krastanov growth).

The strain can cause novel bulk phases of a
metal film to grow with crystal structures different
from that of the stable bulk phase. This is observed
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when a non-equilibrium crystal structure provides
a much better fit to the substrate lattice than any
orientation of the natural crystal structure [6,7].
The smaller stress can make the non-equilibrium
structure more favorable than the natural struc-
ture, at least for a certain thickness range. For
many transition and noble metals the energy
difference between the fcc, hep, and bee structures
is quite small [8], and this suggests that non-
equilibrium structures may be grown up to rather
thick layers, if the overlayer lattice constant
matches that of the substrate. The formation of
non-equilibrium structures is often seen in metal-
on-metal epitaxy for the growth of an fcc metal
on the (100) surface of an fcc or bee single crystal
substrate in the case that deposit and substrate
exhibit different lattice constants. While the
in-plane lattice constant a of the overlayer matches
exactly the lattice constant of the substrate, the
lattice constant ¢, along the surface normal,
assumes a value which is determined by the Poisson
ratio of the film material. This process leads to
either body-centered cubic (bcc), face-centered
cubic (fcc), or body-centered tetragonal (bct)
structures of the film lattice, depending on the
lattice constant ratio c/a. Thus, epitaxy provides
access to various new constrained-tetragonal bulk
structures of crystalline materials.

One example of such a non-equilibrium crystal
structure is the bec or bet lattice of copper. This
lattice provides a good fit to a number of (100)
substrates, and theoretical calculations show that
the bee structure is only about 20-38 meV [9,10]
less stable than the natural fcc copper structure.
Such bece and bet copper films have been obtained
by the pseudomorphic growth of copper on
different (100) oriented fcc substrates in UHV
[11-13] as well as under electrochemical conditions
[14,15]. The substrates act as a template for the
growth of the copper bcc phase. Egelhoff et al.
[11] and Jiang et al. [12] studied the molecular
beam epitaxy (MBE) of copper on a Ag(100)
substrate with reflection high energy electron
diffraction (RHEED), low energy electron diffrac-
tion (LEED) and X-ray photoelectron diffraction
(XPD). They showed that copper grows initially
in a thermodynamic stable bct modification with
lattice constants a=2.88 A and ¢=3.10 A, before

it changes gradually to fcc with increasing film
thickness. Similar observations have been reported
in a scanning tunneling microscopy (STM) study
of Hahn et al. [13] for the Cu vacuum deposition
on Pd(100) substrates. In this case the copper
films were found to grow layer-by-layer with a
sharp structural transition from an fcc phase to a
pseudomorphic bet phase (a=2.75 A, ¢=3.10 A)
with increasing film thickness. The phase transition
is driven by the total strain energy of the copper
film and the critical film thickness depends on the
temperature.

The electrochemical deposition of copper on
Ag(100) from sulfuric acid solutions was studied
by Dietterle et al. [14] with in situ STM. They
found a layer-by-layer growth of pseudomorphic
copper up to 8 ML. The crystallographic structure
of this film was shown to be bce-like. With the
deposition of the ninth layer the film structure
changes and a wavy copper phase appears. Bittner
et al. [15] reported a similar growth mechanism
for the deposition of Cu onto Pt(100) from sulfuric
acid solutions. The first five to 10 copper mono-
layers were found to grow pseudomorphically onto
Pt(100), forming a bct phase. At higher thicknesses
the copper relaxes to its bulk structure and a
square-shaped moiré pattern is formed.

In this paper we present results from a combined
in situ STM and in situ surface X-ray scattering
(SXS) study of the initial stages of electrochemical
copper deposition on Au(100) substrates. The
growth of the bulk copper follows a rather compli-
cated path, and STM measurements reveal that at
least four different phases occur during film growth
[16]. For film thicknesses ranging from the first
pseudomorphic copper monolayer on gold, formed
at underpotentials, up to 10 ML, we found with
STM the growth of pseudomorphic copper. A
bilayer of copper is formed on top of the underpo-
tentially deposited copper monolayer and further
growth of bulk copper proceeds in a layer-by-layer
fashion. With in situ X-ray reflectivity measure-
ments the unit cell parameters of the copper film
were measured with high accuracy, and they turned
out to be very close to the bce structure. The
Au(100) substrate obviously acts, due to an almost
perfect lattice match, as a template for the growth
of bce copper, and the lower strain favors a layer-
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by-layer growth over three-dimensional cluster
growth. In addition, alloy formation has been
inferred from the STM and SXS measurements.

2. Experimental

The STM measurements were performed with
a TopoMetrix TMX 2010 microscope where the
tip and sample potentials were controlled indepen-
dently with a bipotentiostat. Tunneling tips were
made from a tungsten wire (0.25 mm diameter) by
etching in 2 M NaOH using standard procedures
[17]. The tips were coated with Apiezon wax
except for the apex in order to minimize the
faradaic currents below the 0.1 nA range, whereas
typical tunneling currents were 1-5 nA. A copper
wire contained in a fritted glass tube served as a
reference electrode. All images were obtained in
the constant-current mode and are represented
either as gray-scale images (white denotes the
highest and black the lowest point of the image)
or as shaded pictures (the surface appears as if
illuminated from the left side). No digital filtering
was employed. For both the X-ray and STM
measurements a platinum wire was used as counter
electrode. The electrolytes, 0.05M H,SO,+
xmM Cu?* (0.1<x<1), were prepared from
96% H,SO, (Suprapur, Merck), CuSO, (p.a.,
Merck) and Milli-Q water.

The X-ray scattering experiments were per-
formed at beam line X22A of the National
Synchrotron Light Source at Brookhaven National
Laboratory. The measurements were performed
with focused monochromatic radiation with a
wavelength 1=1.20 A. The cross-section of the
incident beam at the sample was kept smaller than
the 10 mm diameter Au(100) crystal face which
was aligned along the (001) direction to better
than 0.2°. Fixed detector slits (3 mm wide and
4 mm high) were placed 600 mm away from the
sample. This provides a 6 resolution of 0.2° full-
width at half-maximum (FWHM), which was
sufficiently broader than the sample mosaic of
0.05° FWHM. Thus, the reflected signal was integ-
rated at a fixed sample orientation without carrying
out the usual 6 scan.

For convenience, a bct coordinate system was

utilized to describe the reciprocal space vector,
0=(a", b*, ¢*)(h, k, L) rather than the usual face-
centered coordinates. Here a" =b"=4n/\2a,
¢"=2mn/a, a=2.885 A, where L is along the surface
normal direction. Bragg peaks are found when
h+k+ Liseven, e.g. at (002), (101), (011), (103).
Scattering measurements were carried out along
(00L) and (10L). To eliminate the diffuse back-
ground, the spectrometer was displaced along / by
0.03 reciprocal lattice units and the intensity at
this position served as a base line, which was
subtracted from the on-axis signal.

The electrochemical cell for in situ SXS experi-
ments was designed to operate in both, the thin
and thick layer geometries. A 4 pm thick plastic
foil functioned as an X-ray window. In the thin
layer configuration the electrolyte layer was about
0.01 mm thick. To improve the current distribution
during the electrodeposition process, the cell was
inflated, which produces a thick (5-10 mm thick)
electrolyte layer. After electrodeposition the cell
was deflated to the thin layer geometry. For the
SXS measurements a solution of 1 mM CuSO, in
0.1 M H,SO, was used. Although potentials were
measured against a Ag/AgCl microelectrode, all
potentials are given with respect to SCE.

The copper deposits in the X-ray scattering cell
were prepared by first inflating the cell with electro-
Iyte and then stepping the potential from the
underpotential deposition (UPD) region (240 mV)
to the overpotential deposition (OPD) region
(—260mV) for a period between 2 and 30s.
Immediately after the Cu deposition the potential
was set to 0 mV during a 10 to 20 s time period
necessary to drain the electrolyte and to switch to
the thin layer configuration.

At 0 mV the deposit is metastable in the thick
layer geometry since neither deposition nor dis-
solution is rapid. In the thin layer configuration,
however, the copper films were not stable at this
potential and the copper electromigrated from the
middle of the crystal face to form a ring of copper
deposit close to the perimeter of the crystal. This
electromigration occurs because of a lateral poten-
tial drop in the thin layer geometry, and this causes
dissolution in the center of the cell where the
electrode potential is slightly greater than the
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Nernst potential. To minimize this effect, the
sample potential was held at —260 mV during
the thin layer mode. Under these conditions addi-
tional Cu bulk deposition is marginal, because
practically no Cu?* ions are available in the thin
electrolyte layer.

The Au(100) crystals were flame annealed for
10 min in a Bunsen burner flame at faint orange
color [18] and then cooled to room temperature
in air or under nitrogen. The flame annealing leads
to a reconstructed Au(100) surface, but this recon-
struction is lifted by the adsorption of sulfate or
the deposition of Cu [19]. Due to the 25% excess
of surface gold atoms in the reconstructed phase,
lifting of the reconstruction leads to a (1 x 1) gold
surface with a large number of small gold islands
[19]. In order to prepare a Au(100) surface with
a lower defect density for the X-ray measurements,
they were electrochemically ‘annealed” for 5 min
at 600 mV vs. SCE in 0.05M H,SO,+ 1 mM HCI.
The addition of chloride ions enhances the gold
mobility and accelerates the Ostwald ripening of
the islands [20]. As revealed by STM, this pro-
cedure yields large terraces.

3. Specular reflectivity and truncation rods

The truncation of a surface gives rise to streaks
of weak scattering which connect neighboring
Bragg peaks with the same in-plane (%, k) compo-
nent [21,22]. This weak scattering, referred to in
the literature as specular reflectivity (h=k=0) or
truncation rods (%, k=non-zero integers), is sensi-
tive to the structure of substrate and deposit. SXS
has been successfully used to determine the struc-
ture of many different surfaces, under vacuum [23]
and electrochemical [24,25] conditions, and for
buried interfaces [26]. The same mathematical
form, R(h, k, L), is used to express both the specu-
lar reflectivity and the truncation rods, and for
simplicity we will refer to both as ‘reflectivity’. In
the kinematical approximation, R(%, k, L) is simply
related to the sum over atomic layers with the
appropriate atomic form and phase factors for
each layer.

The reflectivity from an ideally terminated
Au(100) surface, far from the critical angle where

the signal is enhanced, is given by [27-29]

o

Ruu(h, ke, )= <2L>2 X Isau(h, k, L)? (1)

where r, is the Thomson radius of the electron.
The gold scattering factor is given by a semi-
infinite sum over crystalline planes

0
SAu(ha k’ L):e_WA“(q)FAu(q) X z eiﬂ:n(h+k+L)

(2)

where the atomic form factor for gold is given by
F,.(q), the Debye—Waller factor for gold is given
by Wu(q), and & and k are integers.

To describe the properties of a thin copper
overlayer on Au(100), a model has been employed
which includes the sum over a finite number of
copper layers, sc,. For j copper layers which are
epitaxial (and psecudomorphic) with the gold, the
copper scattering factor is given by

sulh, o, L) = Fey(g) e "est® 4 trawcu

X i“ einn(h+k+LrCu,Cu) (3)
n=1

where the spacing between the last gold layer and
the first copper layer is da, cy =" au_cu(¢/2) and the
spacing between the copper layers is given by
dey-cu=Tcucu(c/2) and ¢ denotes the gold lattice
constant normal to the surface. Fc,(¢q) and
Weu(q) are the atomic form factor and Debye—
Waller factor for copper. We mention in passing
that this form of the scattering factor gives rise to
quasi-Bragg peaks and Kiessig fringes. To elimi-
nate these fringes (not observed) we incorporate a
copper thickness distribution, where P(j) is the
probability that a point on the surface has j copper
layers. The final form of the reflectivity is given
by

2 \2 @
RCu—Au(ha k’ L) = <CL0> X Z P(]) X |SAu(ha k’ L)

j=1
+stu(h, k, D (4)
where the scattering factors from the semi-infinite

gold sum, the top gold layer and the finite sum
over the copper layers have been included. The
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copper thickness distribution is modeled via a
Gaussian form

e~ U~ New?/4?

P(j)=F——— )

y e~ U New?/4?

j=1
where the peak in the distribution function is at
N¢, and the width is 4. The average thickness, for
practical purposes, is very close to the function’s
peak value. We have used the form of the reflectiv-
ity given by Eq. (4) in the analysis of the data
presented in the next section.

To demonstrate the essential features of the
model, calculated specular reflectivity curves are
shown in Fig. 1 for three different sets of parame-
ters. The strong scattering near L=2 is from the
(002) Bragg reflection and is nearly independent
of the copper coverage. The ideal curve, shown as
the dotted line, falls off monotonically between the
Bragg peaks. For the other two curves, both corre-
sponding to eight copper layers, a well-defined

107 , .

—_
S
@
T

107 F

SPECULAR REFLECTIVITY

1078 |

107°

Fig. 1. Calculated X-ray specular reflectivity curves according
to the model given in the text: ideal, copper-free Au(100) sur-
face (dotted); with a homogeneous, eight-layer thick copper
film (dashed) and with an inhomogeneous eight-layer copper
film with 4=2.5 (solid line).

quasi-Bragg peak is found at L =2.8. For a homo-
geneous film (dashed curve) subsidiary maxima
and minima (Kiessig fringes) are also observed.
For an inhomogeneous film with 4=2.5 (solid
line) these additional fringes are greatly reduced.

4. Results and discussion

Electrodeposition of copper on a Au(100) sur-
face starts with the formation of a monolayer at
potentials positive of the Nernst potential [30].
This so-called UPD results from a copper—gold
interaction which exceeds that between copper and
copper. Bulk copper is deposited at OPD, i.e. at
potentials negative of the Nernst potential. In the
following we report morphological and atomic
structure measurements on thin copper films (less
than 10 copper layers) obtained from in situ STM
and SXS experiments. Our findings show that
within this thickness regime the copper films
exhibit a stable bec phase. Both the X-ray reflectiv-
ity and the STM measurements suggest that a
copper—gold alloy is gradually formed at the
interface.

4.1. Cyclic voltammetry

The cyclic voltammogram for the copper depos-
ition onto Au(100) in 0.05M H,SO,+
I mM CuSO, is shown in Fig.2. Bulk copper
deposition occurs at potentials less than 0 mV. At
more positive potentials, in the region between
100 mV and 350 mV, copper monolayer formation
(negative current) and dissolution (positive cur-
rent) take place, and give rise to two pronounced
current peaks. For the sake of clarity, the range
between 50 and 500 mV has been enlarged by a
factor of 10 and is shown by the dashed curve.
Below 170 mV copper forms a complete (1x1)
monolayer on top of the gold substrate [30]. The
charge under the UPD peaks is about
400 uC/cm?, which is the expected value for a
monolayer from divalent cations. At more negative
potentials, below —20 mV, bulk copper deposition
starts and this gives rise to a large cathodic current.
Scanning in the positive direction, dissolution of
the deposited copper is seen in a large anodic
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Fig.2. Cyclic voltammogram of Au(100) in 0.05M
H,SO,+1 mM CuSO, showing copper deposition in the under-
and overpotential region. Sweep rate: 2 mV/s.

current peak. In Fig. 2 this charge amounts to
2450 uC/cm?, corresponding to the equivalent of
six layers of pseudomorphic copper.

4.2. Insitu STM

STM measurements were carried out to investi-
gate the structure and morphology of electro-
deposited copper films on Au(100). We note that
the morphology of the copper film is greatly influ-
enced by that of the underlying Au(100) surface.
A typical STM image (differentiated representa-
tion) of the bare Au(100) surface at 400 mV is
shown in Fig. 3. In addition to step edges and
screw dislocations, which are common defects on
single crystal surfaces, the Au(100) surface exhibits
a large number of gold islands, because it was not
electrochemically annealed. Their step height of
20A corresponds to a single Au(100) layer. These
islands are formed during lifting of the hex-recon-
struction by the excess gold atoms that are expelled
in order to form the less dense (1 x 1)-terminated
surface [19]. The size distribution of the islands is
characteristic of an Ostwald ripening process; the
bigger islands increase in size with time, while the
smaller ones disappear [18].

Fig. 4 shows the initial stages of the overpoten-
tial copper deposition on top of the UPD mono-

OIS
; : D

¢ -k
400 mV vs. SCE

Fig. 3. STM image (shaded) of a bare Au(100) surface in
0.05M H,SO,+1 mM CuSO, at 400 mV vs. SCE. The surface
exhibits a small region of step bunching (bright stripe across
the image), two screw dislocations and numerous monoatomic
high gold islands, which cover about 25% of the substrate
surface.

layer. This surface exhibits a few monoatomic high
gold islands. At the applied potential of —250 mV
nucleation of the bulk copper phase is seen to start
at the rims of the gold islands. Copper nucleation
on flat terraces is rarely observed. This demon-
strates the importance of surface defects as the
principal nucleation sites for the metal deposition
reaction. Similar effects have also been observed
for copper deposition on Au(111) [31]. In the
earliest stages of electrodeposition the copper
forms rims around the gold islands which are
higher than the island plateaus (see Fig. 4a). Cross-
sections through the surface (see example in
Fig. 4b) show that the copper crystallites have a
height of 2 ML (0.30+0.01 nm) in addition to the
copper UPD layer. This copper bilayer grows from
the nucleation site onto the terrace, usually in
rectangular-shaped patches, demonstrating the
influence of the substrate symmetry. The two
copper monolayers, which surround the rims of
the gold islands, form a new step-like edge (its
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Fig. 4. (a) STM gray-scale image of the initial stages of copper
deposition onto Au(100) in 0.05 M H,SO,+0.5 mM CuSO, at
—250 mV vs. SCE. The gold surface is covered by a Cu UPD
layer. Copper nucleates at the rims of the gold islands (1) by
forming a bilayer (2). (b) Cross-section along the marked
line in (a), demonstrating the growth of a copper bilayer
at the rims (step edges) of the gold islands. (c) STM gray-scale

height being only a fraction of a normal step
height), which acts as a nucleation site for copper
deposition onto the top of the islands (see Fig. 4c).
The critical height of a bec copper nucleus on
Au(100) was always 2 ML (three including the UPD
layer) and stable nuclei with heights of 1 ML only
(two including the UPD layer) were never observed.
Beyond the first three copper layers on Au(100),
further growth proceeded in a layer-by-layer fash-
ion, the new copper layers almost exclusively start-
ing to grow at defects; nucleation on flat terraces
was rarely seen. We have observed the growth of
10 atomically flat monolayers (including the UPD
layer) and atomically resolved images revealed that
all of them grew pseudomorphically onto the gold
substrate. This Frank-van der Merwe growth of a
pseudomorphic copper phase is quite surprising,
as the lattice constant of Cu (3.615 A) is about
13% smaller than that of Au (4.080 A). Hence, the
pseudomorphic layers are under a large tensile
(misfit) stress and a 10-layer thick film should not
be stable. The misfit is so large that, according to
the conventional picture of elastic distortions,
layer-by-layer growth should not occur at all. The
classical van der Merwe model predicts the cre-
ation of misfit dislocations for a film thicker than
1 ML with a further growth via three-dimensional
clusters [9]. This is indeed observed for copper
deposition on Au(111) surfaces [31].
Cross-sections (see example in Fig. 4b) through
the copper layers (up to the first 10 layers) reveal
a step height of 0.15+0.1 nm instead of the
expected 0.18 nm for fcc copper. This height, along
with the pseudomorphic in-plane spacing, indicates
that the structure of these copper films cannot be
fcc. Layer spacing and in-plane lattice constant
support the notion that the copper film is ‘bee-
like’. The atomic spacing of the Au(100) surface,
within 1%, ideally matches the lattice constant of
bee copper, which is predicted by a calculation

image of the copper growth on top of the Au islands in 0.05 M
H,SO,+0.5mM CuSO, at —300mV vs. SCE. The copper
bilayer is slightly higher than a monoatomic gold step and
hence provides nucleation centers for copper deposition
on top of the islands. Starting from the island rims, the
copper grows again as a bilayer towards the centers of the
islands.
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that assumes identical atomic volumes for both
the fcc and bee configurations. Although the bec
copper by itself is metastable, it appears to be
stabilized by the underlying gold surface. The
existence of a bce copper phase is also supported
by recent publications of copper deposition on
Ag(100) [14] and Pt(100) [15] in an electrochemi-
cal environment and on Ag(100) and Pd(100)
under UHV conditions [11-13], which show that
(100) substrates can initiate the growth of bcc or
bct copper phases. Further support comes from
theoretical calculations, which predict that the bec
phase of copper is only about 20-38 meV less
stable than the fcc phase [9,10,32].

With the deposition of the eleventh copper
layer, a wavy surface morphology appears [16].
Separate X-ray scattering measurements indicate
that this involves the restructuring of all the under-
lying copper layers [32] and not just the top layer
of copper. Fig. 5a shows a STM image with regions
which are 10 ML thick (pseudomorphic copper
film) and with regions which are 11 ML thick
(striped and buckled copper film). Positions where
the underlying Au(100) substrate exhibits islands
(see Fig. 3) are clearly visible on top of the copper
film. Depending on the thickness of the copper
film, these islands appear as bright or dark patches
in the STM picture (see model in Fig. 5b). The
10-layer thick copper film appears atomically flat
except at the rims of the copper islands which were
formed on top of the underlying gold islands.
Directly at the rims of the islands the film buckles
(Fig. 5b) and this is obviously the precursor of the
striped phase. This edge effect occurs along the
principal in-plane directions, still below the critical
height of 11 ML for the phase transformation.
Clearly, the islands induce a higher strain in the
film at the step edges and this reveals the influence
of defects, not only on the phase formation (acting
as nucleation centers) but also on phase
transformations.

4.3. X-ray reflectivity and truncation rods

Here we report the results of X-ray scattering
measurements in the intermediate coverage regime
(less than 10 Cu layers). In addition, a search was
carried out in reciprocal space for diffraction fea-

a) 250 nm x 250 nm

-250 mV vs. SCE

b) a b
2 10 4
8 9 8
7 8 7
6 7 6 o
5 5 9
6 -
4 5 4 =
p
3 4 3 O
2} 3 2
i 2 1 ‘
______ island . 1=UPD |island |
Au substrate |

Fig. 5. (a) STM gray-scale image of a 10 ML thick copper film
grown on Au(l100) in 0.05M H,SO,+0.5mM CuSO, at
—250 mV vs. SCE. Only a small fraction of the surface is covered
with an 11-layer thick film which has a buckled structure. The
10-layer thick film appears flat, except at the rims of those islands
which originate from the underlying substrate islands. (b) Sketch
of a cross-section through the surface, demonstrating the
different appearance of the islands a and b as a consequence of
the different height of the copper film on top of the Au islands.

tures different from those originating from the
pseudomorphic copper layers. No new diffraction
features were observed and this allows us to rule
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out the presence of high-order incommensurate,
uniaxially incommensurate, or hexagonal phases.
The absence of diffraction at these other positions
supports the STM observation that the copper
layers are pseudomorphic with the underlying gold
lattice. Specular reflectivity and the lowest order
truncation rod (along L at fixed integral A=1 and
k=0) are shown at several coverages in Fig. 6 and
Fig. 8, respectively. The peaks at L=2 (Fig. 6)
and L=1 (Fig. 8) result from the (002) and (101)
Bragg peaks of the underlying Au(100) lattice.
After sufficient copper deposition (discussed
below), a broad peak emerges near L=2.8 in the
specular reflectivity (Fig. 6, curves b—-d) and con-
comitantly a shoulder develops near L=1.4 in the
truncation rod (Fig. 8). The position of the copper
peak observed in the specular profile (L=2.8)
provides an approximate measure of the out-of-
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Fig. 6. X-ray reflectivity (0, 0, L) of the bare Au(100) surface
at 500 mV (a) and after deposition of various amounts of Cu
(b—d). The curves have been displaced by two decades for clar-
ity. The quasi-Bragg peak at L =2.8 results from the bet copper
film. The ideal reflectivity for the bare gold surface is shown as
a dashed line and the fits (discussed in the text) are drawn as
solid lines.

plane copper layer spacing, 21/2.8¢* =2.90 A. This
is very close to the in-plane lattice constant,
2.885 A, and suggests the formation of a structure
very close to bee copper. Detailed fitting analysis
of the profiles (presented below) provides a more
accurate measure of the copper lattice constant,
the gold—copper layer spacing, along with addi-
tional structural parameters.

Fig. 6 shows the specular reflectivity for three
different deposition conditions (b—d) along with
data at 500 mV (a) where there is no copper on
the gold surface. For the latter, the reflectivity
resembles that of a nearly perfectly terminated
gold lattice; a monotonic decrease in the intensity
around the (002) Bragg peak and no additional
features between the (002) and (004) Bragg peaks.
After 10 s deposition at —260 mV (curve b), sig-
nificant differences in the reflectivity emerge. A
plateau develops at about L=2.6 followed by a
sharp fall-off. For reflectivities obtained after
longer deposition times this plateau transforms
into a well-defined quasi-Bragg peak at L=2.8.
This is demonstrated by the curves ¢ and d which
were obtained after multiple deposition cycles
without prior stripping the copper. The total
deposition times for curves ¢ and d are 17 and
27s, respectively. The finite width of the peak
results from the small number of adsorbed layers.
The absence of Kiessig fringes, which would be
indicative of a film with uniform thickness, implies
a significant variation in the number of deposited
layers within the area sampled by the X-ray. We
note that the specular curves have been normalized
by a constant value. This constant was chosen
such that the intensity close to the (002) peak,
where the intensity is very insensitive to the details
of the surface structure, agrees with the ideal,
absolute reflectivity curve.

After sufficient deposition, the reflectivity curves
no longer exhibit a single peak at L=2.8, but
rather two peaks are observed at L =2.62 and 3.07
(not shown). Concomitantly, off-axis satellite
peaks appear at either (0, 0.05, 2.8 +0.18), corre-
sponding to a modulated phase. The structure of
this modulated phase will be discussed elsewhere
[32].

The specular reflectivities from the bare
Au(100) surface and from the Au(100) surface
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after copper electrodeposition have been analyzed
according to Egs. (1)-(4). The Debye—Waller dis-
placements, o4, and o,, were fixed at 0.085 A and
0.16 A, respectively [33]. The reflectivity with no
copper at 500 mV (a) is reasonably well described
by an ideal Au(100) surface (dashed line). The
same ideal reflectivity curve is shown for the data
sets (b—d).

The reflectivities from the film-covered surfaces,
shown in Fig. 6, were fitted to Eq. (4) where three
parameters were allowed to vary; the number of
copper layers (N¢,), the normalized Cu—Cu layer
spacing (rcy_cus S€€ Eq. (3)), and the normalized
Au-Cu layer spacing (7, c,)- In the first round of
fits the layer width, 4, was also allowed to float,
but the variation of this parameter with thickness
was not significant. In all subsequent fits this
parameter was constrained to its average value,
A=2.5. The best fits, shown as solid lines in Fig. 6,
describe very well all the essential features of the
reflectivity curves, including the regions near the
(002) peak and the copper quasi-Bragg peak. The
number of copper layers, N, is equal to (b) 4.2,
(c) 6.7, and (d) 7.9. Although an off-axis modula-
tion peak (satellite spots) is observed for the
7.9-layer thick film (not shown here), the weak
intensity implies that most of the surface is covered
by the pseudomorphic phase. Given the large
variation in thickness, 4 =2.5, thicker films should
exhibit considerable coexistence between pseudo-
morphic and modulated phases, thus complicating
their analysis. The large value of 4 implies that
there is a variation in the copper thickness at
different sample positions. This may be a conse-
quence of potential gradients associated with the
cell design.

The present model assumes that regions with
the same film thickness are large compared with
the coherence length of the spectrometer resolution
(typically hundreds of angstroms), so that the
scattering from regions of different film thicknesses
adds incoherently. We have also considered a
model where the scattering from regions with
different copper heights adds coherently. Both
models give the same average thickness (within 0.5
layers), and on the basis of the fit quality it is not
possible to select one model over the other. The
incoherent model is physically more appealing

since the STM images indicate a domain size of
several hundred angstroms which is larger than
the effective spectrometer resolution. Diffuse scat-
tering measurements, in principle, could help iden-
tify the facet distribution and the appropriateness
of the present model. However, the large contribu-
tion to the diffuse scattering from the plastic
membrane and from the electrolyte limits the
resolving power of these measurements.

In Fig. 7 the layer spacing, obtained from the
fits (see Fig. 6), is shown as a function of the film
thickness N¢,. The solid line is the expected layer
spacing for bce copper and the dashed line repre-
sents the underlying gold layer spacing. The
copper—copper layer spacing (open circles)
decreases from 1.46 to 1.43 A with increasing
thickness. This thickness variation straddles the
value expected for a cubic unit cell, 1.443 A, shown
as the solid line in Fig. 7, and is in good agreement
with the 1.540.1 A thickness obtained by our
STM measurements. Furthermore, the volume per
copper atom (1.45 A x 2.8852 A2=12.1 A3) is only
moderately larger than the corresponding bulk
copper value, 11.8 A3. The product of the junction
spacing (between the first copper layer and the top
gold layer) and Q, (component of the scattering
vector normal to the surface) gives rise to a phase
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Fig. 7. Copper layer spacing (open circles) and gold—copper
spacing (filled circles) as a function of film thickness derived
from an analysis of the reflectivity curves in Fig. 6 (curves b—
d). The solid line is the expected layer spacing for bce copper.
The dashed line is the Au(100) layer spacing.
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factor whose value affects the symmetry in the
wings of the copper quasi-Bragg peak at L=2.8.
The fits are sensitive to this symmetry and thus
provide an accurate measure of the gold—copper
layer spacing. The average Au—Cu spacing (filled
circles) obtained from the fits, 1.7440.10 A, is
very close to the expected 1.74 A layer spacing
obtained by averaging the gold fcc and copper bee
lattice constants.

The truncation rod scattering (along L with
non-zero, integer £ and k) is sensitive to the
crystalline order of the copper film and to the
epitaxial relationship of the film with the under-
lying gold substrate [21,22]. In Fig. 8 we show
truncation rod data, (1,0, L), for the ‘pure’ sub-
strate with no copper (500 mV) as open circles
and after depositing copper for 10 s as filled circles.
The scattering very close to the (1,0,1) Bragg
peak is nearly independent of the deposition condi-
tions. Further in the wings, the weak scattering
depends greatly on the deposition conditions. With
increasing copper coverage, the asymmetry around
the (1, 0, 1) peak increases; at lower L the intensity
decreases and at higher L the intensity increases.
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Fig. 8. X-ray truncation rod (1, 0, L) for the bare Au(100) sur-
face at 500 mV (open circles) and for Au(100) after electro-
depositing copper for 20 s (filled circles). The shoulder at L=
1.4 results from the deposition of copper. The ideal reflectivity
is given as a dashed line, while the solid line has been obtained
by using the parameter set derived from the specular data
(Fig. 5, curve c).

In addition, there is a shoulder between L=1.2
and 1.5, followed by a sharp fall-off. In contrast
to the specular direction, where a clearly defined
copper peak is evident, a well-defined copper peak
never emerges in the truncation rod. We note that
the numerical factor used to normalize the specular
reflectivity correctly normalizes the (1, 0, L) trun-
cation rod scattering near the (1, 0, 1) peak. This
agreement strengthens our confidence in the data
presented.

The existence of a well-defined copper peak
depends on the proximity to a substrate Bragg
peak. The copper peaks, for a sufficiently thick
film, are expected at values of L which are about
a factor of 1.4 larger than those from the substrate.
Therefore, the copper peak corresponding to the
gold (1,0, 1) peak should be at (1,0, 1.4). Since
the L peak widths are always the same, for the
same number of layers, the peak at (1,0, 1.4) is
masked by the nearby Bragg peak at (1,0, 1). A
dip in the reflectivity might be expected at
(1,0, 1.1) on the basis of the position of the dips
in the reflectivity measurements. However, when
the strong scattering from the gold is considered,
the expected dip vanishes in the measured
reflectivity.

In Fig. 8 the truncation rod data are compared
with the scattering model associated with Eq. (4).
The ideal reflectivity curve, shown as a dashed
curve, is always higher than the corresponding
data (open circles) but exhibits the same overall
shape. For both data sets, below L=0.8 the mea-
sured intensity is less than the calculated intensity,
and this discrepancy results from resolution
volume artifacts which have not been included.

Rather than fitting the truncation rod data to
the model, in Fig. 8 we compare the calculated
truncation rod profile (solid line) using the parame-
ters from curve c in Fig. 6 (N, =6.7) with the
truncation rod data (solid circles). The model
truncation rod curve exhibits the same overall
shape as the data, including the plateau between
L=1.1 and 1.5, and in this region there is a
significant increase (by nearly a factor of 10) in
the scattered intensity compared with the ‘bare’
surface. In addition, the in-plane diffraction widths
are independent of coverage at all L. Together,
these facts indicate that the copper film is pseudo-
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morphic and this rules out the existence of an
incommensurate phase. We note that on the basis
of the specular reflectivity alone this determination
could not be made. Finally, the discrepancy in the
intensity, especially near L=1.4, results from an
overestimation of the contribution from the copper
scattering in the model. This might result from
regions with no copper or an enhanced rms Debye—
Waller-like amplitude. The latter may result from
a reduction of the elastic constants (soft mode)
which precedes the formation of the buckled
phase [32].

4.4. Interfacial alloying

The stress at the interface between two different
metals can be partially relieved by the formation
of an alloy. However, direct structural information
from such buried phase boundaries is scarce. In
the bulk, copper and gold are miscible, therefore
alloy formation at the interface between gold sub-
strate and copper overgrowth is likely. Both the
X-ray scattering and STM measurements provide
evidence for alloy formation.

In the X-ray measurements, the results depend
on the history of the electrochemical treatment,
and we attribute this to alloy formation. For
instance, the reflectivity profiles for a given depos-
ition time are not the same. Our findings show
that after repeated deposition/dissolution cycles,
the copper features in the reflectivity are not as
pronounced as after one cycle with correspond-
ingly longer deposition time. In addition, the
reflectivity profiles change with time, and small
effects are apparent after several hours of data
collection; this might be attributed to interfacial
alloying.

With STM it is impossible to probe directly
buried interfaces. However, the morphology of the
interface can be probed after dissolving the copper
film, because the existence of an alloy should
change the morphology of the gold substrate [18].
For such measurements thick copper films
(>10 ML) were prepared, and after a waiting
period of 20 min the copper was dissolved. At
dissolution potentials positive of the UPD region,
the surface structure changes rapidly with time
due to the so-called electrochemical annealing

[18,20], and it is difficult to obtain quantitative
information. At a potential of 100 mV, i.e. in the
UPD regime where a full copper monolayer is on
the surface, bulk copper and the copper of the
interfacial alloy dissolve, whereas the morphology
of the gold surface remains unchanged, and hence
small surface structures, like small islands and
holes (vacancy clusters) can easily be detected by
STM [30].

The gold surface shown in Fig. 9, which was
obtained after deposition and dissolution of a
copper film, is much rougher than the freshly
prepared Au(100) surface shown in Fig. 3. This
rough surface is composed of monoatomic high
gold islands and monoatomic deep holes with sizes
extending over a relatively large range of length
scales. On top of the larger islands additional
smaller islands are seen, and on the bottom of the
larger holes smaller holes are visible. The changes
in the gold surface morphology originate from the
dissolution of an interfacial alloy [18]. This rough-

400 nm x 400 nm

100 mV vs. SCE

Fig. 9. STM gray-scale image of a Au(100) surface in 0.05 M
H,SO,+1 mM CuSO, at 100 mV vs. SCE after dissolution of
a thick copper film. The surface appears disordered and is cov-
ered with holes and islands which originate from the dissolution
of an interfacial alloy.
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ening process also explains why the sample history
affects the X-ray results.

5. Summary

We have investigated copper bulk deposition on
Au(100) electrodes from sulfuric acid solutions
with in situ STM and in situ SXS. Our results
concerning film growth and film structure can be
summarized as follows.

1. Nucleation of the copper bulk phase, which is
deposited on top of the performed UPD mono-
layer, starts at surface defects of the Au(100)
substrate. The critical height of the (usually
square-shaped) copper nuclei is 2 ML (3 ML
including the UPD layer).

2. The further growth of the copper film proceeds
in a layer-by-layer fashion, as shown by STM.
The next layer often starts to grow before the
underlying copper layer is completed (pseudo-
layer-by-layer growth); this leads to macroscop-
ically rough films with a thickness distribution
which increases with film height.

3. Up to a thickness of 10 ML, the film consists
of atomically flat terraces separated by monoa-
tomic high copper steps. Both techniques show
that the in-plane structure of the copper film is
pseudomorphic with the Au(100) substrate (a=
b=2.885 A). Analysis of the reflectivity gives
¢=2.894+0.03 A which is close to twice the
1.5A layer spacing measured with STM.
Therefore the film structure is, besides a small
tetragonal distortion, very close to bcc.

4. The layer spacing between the top gold layer
and the first copper layer is 1.74+0.10 A. This
is very close to the expected 1.74 A layer spacing
obtained by averaging the gold fcc and copper
bec lattice constants.

S. The variation of the film thickness across the
sample can be modelled by a Gaussian profile
with a full width of 2.5 layers.

6. At the interface between Au(100) substrate and
copper film a 2-4 ML thick Cu/Au alloy is
formed within a time span of about 20 min.

7. Deposition of the eleventh copper layer changes
the film structure and a buckled/modulated
structure appears [16,32].
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